Gastrulation movements in Xenopus laevis are becoming increasingly well characterised, however the molecular mechanisms involved are less clear. Active migration of the leading edge mesendoderm across the fibronectin-coated blastocoel roof is necessary for further development of tissues such as head mesoderm, heart, blood and liver. The zinc finger transcription factors GATA4 and GATA6 are expressed in this migratory tissue during gastrulation, but their role here is unknown. This study further characterises the expression of GATA4 and 6 during gastrulation, and investigates their function in migratory behaviour. Gain-of-function experiments with these GATA factors induce cell spreading, polarisation and migration in non-motile presumptive ectoderm cells. Expression of a dominantinterfering form of GATA6, which inhibits transactivation of GATA targets, severely impairs the ability of dorsal leading edge mesendoderm to spread and translocate on fibronectin. Mosaic inhibition of GATA activity indicates that GATA factors function cell autonomously to induce cell spreading and movement in dorsal mesendoderm. Knockdown of specific GATA factors using anti-sense morpholinos indicates that GATA4 and GATA6 both contribute to dorsal mesendoderm migration in vitro. GATA4 and GATA6 are known to be involved in cell-specification of mesoderm and endoderm-derived tissues, but this is the first description of an additional role for these factors in cell migration.
Introduction
The successful embryonic development of all multi-cellular organisms is achieved through a complex interplay of cell patterning and morphogenesis. Gastrulation in vertebrates is a well-studied example of a crucial morphogenetic process acting early in development, which shapes the future germ layers through cell movement and rearrangement. The amphibian Xenopus laevis provides an amenable model system in which to study cell behaviour and its underlying molecular mechanisms in the embryo proper (in vivo) and in cultures of explants (ex vivo). In this organism, several types of region-specific morphogenetic movements are responsible for remodelling the blastula and internalising the mesoderm and endoderm during gastrulation, including epiboly of the ectoderm, vegetal rotation of the endoderm, convergent extension of the mesoderm and active migration of the leading edge (LE) mesendoderm. These cell movements have been extensively characterised at a descriptive level (for review, see Keller et al., 2003) . However, the molecular pathways that control these cellular activities remain less well understood, the exception being convergent extension, where non-canonical Wnt signalling pathways have been identified as regulating the mediolateral intercalation of marginal zone cells (for review, see Keller, 2002) .
This study investigates the role of transcription factors of the GATA family in gastrulation movements, particularly in cell migration. The zinc finger transcription factors GATA4, 5 and 6 are involved in cell-fate specification in a variety of mesoderm and endoderm-derived tissues at various stages of development (Weber et al., 2000; Afouda et al., 2005 ; reviewed by Molkentin, 2000; Peterkin et al., 2005) . In Xenopus embryos these factors are expressed in vegetal cells from the late blastula stage, and recent work has explored the interlocking roles of all three in maintenance of endodermal gene expression by TGFb signalling (Weber et al., 2000; Afouda et al., 2005) . However, an additional role for GATA4 and GATA6 during gastrulation was suggested by the observation that they are particularly strongly expressed in the vegetal cells at the edge of the blastocoel floor, which form leading edge (LE) migratory mesendoderm. This tissue has been described as ''the leading edge of the mesodermal mantle and the associated endoderm'', and defined functionally as a tissue that attaches to and migrates across the blastocoel roof during gastrulation (Keller et al., 2003) . Pre-gastrulation rearrangements of vegetal cells establish a 360°mantle of LE mesendoderm, which abuts the fibronectin-rich extra-cellular matrix of the blastocoel wall (Winklbauer and Schurfeld, 1999) . During early gastrulation these LE cells acquire motile behaviour and actively translocate en masse towards the future anterior part of the embryo, remaining separated from non-involuted tissue by Brachet's cleft. Migratory mesendoderm cells contribute to anterior structures such as liver, foregut, blood, heart and head (Keller, 1976; Winklbauer and Keller, 1996; Tracey et al., 1998; Lane and Smith, 1999; Ciau-Uitz et al., 2000; Davidson et al., 2002) .
Additional evidence that GATA factors mediate cell migration and tissue morphogenesis comes from loss-offunction experiments in different vertebrates. Mouse and chick embryos depleted of GATA4 (Kuo et al., 1997; Molkentin et al., 1997; Zhang et al., 2003) , Xenopus and zebrafish embryos depleted of GATA6 (Peterkin et al., 2003) , and GATA5 (faust) mutant zebrafish (Reiter et al., 1999) , all exhibit cardia bifida; postulated to arise through defective ventral migration of bilateral heart precursors towards the midline. Medial migration of gut and pharyngeal endoderm is also affected in the faust mutant (Reiter et al., 1999 (Reiter et al., , 2001 Wallace and Pack, 2003) . Although in faust and GATA6-depleted embryos expression of differentiation markers is also affected, GATA4-compromised mouse and chick embryos express normal levels of cardiac genes, indicating that, at least in some cases, specification of cell type and migratory phenotype are separable, and that a GATA factor can specifically influence cell movement. Furthermore, an evolutionarily conserved role is suggested for this function as Drosophila GATAc (grain) mutants exhibit abnormal epithelial morphogenesis due to disturbed cell rearrangements, without a corresponding effect on early cell-fate specification (Brown and Hombria, 2000) .
In this study, we show that GATA4 and GATA6 are expressed in LE mesendoderm cells throughout gastrulation. We demonstrate that ectopic expression of either GATA4, or the long or short isoform of GATA6, induces gastrula stage animal cap cells to migrate on a fibronectin substratum. In addition, repression of GATA activity using a dominant-interfering construct disrupts gastrulation movements in intact embryos, and inhibits spreading of dorsal mesendoderm explants or migration of isolated mesendoderm cells on fibronectin. Using an anti-sense oligonucleotide approach to deplete individual GATA factors, we show that GATA4 and GATA6 both contribute to the migratory phenotype of these cells.
Results

Expression of GATA4 and GATA6 during gastrulation suggests a role in cell migration
Leading edge (LE) mesendoderm cells are fated to contribute to anterior structures such as liver, foregut, blood, heart and head, and reach their anterior position by migrating actively across the blastocoel roof during gastrulation (Keller, 1976; Tracey et al., 1998; Lane and Smith, 1999; Davidson et al., 2002) . Afouda et al. (2005) have shown that GATA4, 5 and 6 are expressed in vegetal cells in Xenopus embryos from the late blastula stage. They also report that expression of GATA4 and GATA6 in the vegetal hemisphere is strongest at the edges, while GATA5 is most highly expressed in the centre (Weber et al., 2000) . Thus, GATA4 and GATA6 are highly expressed in cells that form the leading edge of the mesendoderm. In order to further explore the association of GATA4 and GATA6 with these cells as they migrate, we used in situ hybridisation on sections to analyse their expression throughout gastrulation. We compared the expression of GATA4 and 6 with that of Xbra, a factor expressed in mesodermal tissue posterior to the LE mesendoderm. Cells of this mesodermal tissue display a morphogenetic behaviour known as convergent extension as opposed to the active migration of LE mesendoderm (Kwan and Kirschner, 2003; Wacker et al., 1998) .
Our results (Fig. 1 ) demonstrate that at stage 9, before gastrulation begins, GATA4 and GATA6 are expressed in prospective mesendoderm, predominantly on the dorsal side, and are excluded from the outer marginal zone except for a low level of expression in suprablastoporal endoderm ( Fig. 1A and B ). This contrasts with Xbra, which is expressed in a ring of outer marginal zone cells fated to become mesoderm (Fig. 1C) . At stage 9 there is a degree of overlapping expression of GATA4, GATA6 and Xbra in the dorsal prospective mesendoderm. However, at stage 10.25, when the dorsal blastopore lip is visible, GATA4/6 and Xbra expression are mutually exclusive dorsally as Xbra is now restricted to the outer marginal zone on the dorsal side ( Fig. 1D-F) . Overlap of Xbra and GATA4/6 is seen ventrally at stage 10.25, but is lost by stage 12, when Xbra has become restricted to the outer marginal zone around the whole circumference of the embryo (Fig. 1G-I ). These observations are consistent with those of Wardle and Smith (2004) that described gradual refinement of gene expression patterns taking place during Xenopus gastrulation, potentially reflecting gradual commitment of cells to different germ layers.
Between stage 10.25 and stage 12, GATA6 is seen most strongly in the LE mesendoderm, both dorsally and ventrally, though it is also expressed less strongly in the central vegetal endoderm (Fig. 1D and G) . GATA4 transcripts are also found in both the LE mesendoderm and vegetal endoderm ( Fig. 1E and H) . However the Fig. 1 . GATA4 and GATA6 are expressed in migratory leading edge mesendoderm throughout gastrulation. (A-L) In situ hybridisation on embryos just prior to (stage 9), during (stages 10.25 and 12) and at the end of (stage 13) gastrulation. Serial sections were hybridised with probes for GATA6, GATA4 and the mesodermal marker Xbra. (M-O) In situ hybridisation showing coexpression of GATA6 with cerberus and Xhex (markers of leading edge mesendoderm) during gastrulation. The vegetal pole is to the bottom and dorsal is to the right in all panels except J-L, where dorsal is towards the top and anterior is left. Arrows in (A) and (B) denote suprablastoporal endoderm, where punctate staining is visible in a few cells. Arrow in (J) denotes archenteron roof. All sections are sagittal and 10 lm. distribution of GATA4 differs from that of GATA6 in that GATA4 retains some degree of dorsal localisation. At stage 10.25 and stage 12 GATA4 transcripts are detected in both ventral LE mesendoderm and ventral vegetal endoderm, but are more abundant in these tissues dorsally. This relative dorsal enrichment of GATA4 was observed consistently in all the embryos analysed (n = 5). As previously reported (Smith et al., 1991) , Xbra expression is induced and maintained in mesodermal tissue undergoing convergent extension movements (Fig. 1I and L) .
At stage 13, when involution of the mesendodermal mantle has ceased, GATA6 mRNA is present in cells that will form the head, blood and liver (Keller, 1976; Tracey et al., 1998; Lane and Smith, 1999; Ciau-Uitz et al., 2000) and is also found lining the roof and floor of the archenteron (Fig. 1J) . GATA4 shows overlapping but more restricted expression (Fig. 1K) . Expression of Xbra remains mutually exclusive with that of GATA4 and 6 throughout gastrulation. To confirm that GATA6 is expressed in cells that are fated to form mesendoderm derivatives, expression of GATA6 at stage 10.5 was compared with that of cerberus and Xhex, markers of LE mesendoderm (Zorn et al., 1999) . The results (Fig. 1M-O) show that GATA6 expression overlaps with that of Xhex in dorsal LE mesendoderm and more broadly with that of cerberus.
In summary, expression of GATA4 and especially GATA6 is compatible with a role in LE mesendoderm migration, as they are expressed in the appropriate cells throughout gastrulation. Apart from limited expression in suprablastoporal endoderm they are excluded from outer marginal zone cells that undergo convergent extension movements.
2.2. Ectopic GATA factor expression in animal cap cells induces spreading and migration on fibronectin LE mesendoderm cells, which express GATA4 and GATA6, attach to, polarise on and migrate across the fibronectin fibrils of the blastocoel roof (Winklbauer, 1990) . The presumptive ectodermal cells of the animal cap do not appreciably express these GATA factors and do not display this migratory phenotype when plated experimentally on fibronectin (Howard and Smith, 1993; Wacker et al., 1998) . In order to test whether GATA factors could play a role in inducing migration of mesendoderm cells, we performed gain of GATA function experiments in animal cap cells and analysed their ability to spread, polarise and move on fibronectin.
Xenopus GATA6 mRNA encodes two isoforms of the GATA6 protein, a short isoform beginning with the amino acid motif MYQ, and a longer isoform beginning at an upstream methionine codon, giving the N-terminal amino acids MDL (Brewer et al., 1999; Peterkin et al., 2003) . Only the long isoform of GATA6 can induce endoderm (Afouda et al., 2005) , while both isoforms function in cardiac mesoderm maturation (Peterkin et al., 2003) . It is therefore of interest to test the potential of both GATA6 isoforms to induce cell motility. RNA engineered to encode either short isoform (myq)GATA6 or predominantly long isoform (mdl)GATA6 was injected into the animal pole of one cell embryos, along with RNA encoding a nuclear localised green fluorescent protein (nlsGFP). Late blastula animal cap cells were isolated and, when sibling embryos reached stage 10, were seeded on fibronectin. In order to analyse cell morphology, cells plated on fibronectin were fixed when sibling embryos reached stage 11.5-12, fields of view were randomly chosen and single cells were scored as round, spread or polarised according to the criteria detailed in Section 4 (see also Fig. 2B ). Uninjected or nlsGFP-injected control animal cap cells were unable to spread on fibronectin, and exhibited a round morphology ( Fig. 2A and C) . In contrast, myqGATA6 and mdlGAT-A6-expressing animal cap cells were able to spread and polarise on fibronectin ( Fig. 2A and C) . This is apparent as a cell shape reorganisation driven by changes in the actin cytoskeleton: the cell forms actin rich protrusions including leading edge lamellipodia that face the direction of migration, giving the cell a polarised morphology (Fig. 2B) .
The ability of GATA6-expressing animal cap cells to migrate on fibronectin was studied in real time using phase contrast time-lapse microscopy. The trajectory of individual cells was plotted using Kinetic Imagingä cell tracking software and using these co-ordinates a Mathematicaä notebook calculated mean velocity and percentage of cells reaching a 50 lm horizon (Fig. 2E ). myqGATA6-expressing animal cap cells moved at three times the speed of control cells (1.422 lm/min ±0.084 standard deviation (SD) compared to 0.45 lm/min ±0.069 SD), a significant increase as measured by a t-Test (P < 0.01). There was a greater than 3-fold increase in the number of cells reaching a 50 lm horizon. mdlGATA6-expressing cells also exhibited a significant increase in mean cell velocity (P < 0.01) with cells moving more than twice as fast as nlsGFP controls (1.02 lm/min ±0.268 SD). Again the percentage of cells actively migrating to a 50 lm horizon was at least three times greater than nlsGFP control cells (Fig. 2E) . Lamellipodia formation and membrane ruffling are also apparent in the time-lapse recordings from GATA6-expressing cells compared with nlsGFP control animal cap cells. Thus, gain of either GATA6 isoform induces a migratory phenotype in animal cap cells.
In order to test whether other GATA factors have the capacity to induce cell migration, RNAs encoding GATA4 or GATA1 were ectopically expressed in animal cap cells and the cells were assayed for spreading and migration on fibronectin. We have shown that GATA4 and GATA6 have overlapping patterns of expression during gastrulation, however GATA1, which is expressed in and involved in differentiation of blood cell lineages, is not detectable in Xenopus embryos by in situ hybridisation until long after gastrulation is complete (Kelley et al., 1994) . As shown in Fig. 2D , GATA4 was capable of inducing a significant spreading response in comparison with uninjected or nlsGFP-injected controls (P < 0.0001). GATA1 elicited a much weaker spreading response in animal cap cells but the effect was still significant compared with controls (P = 0.01). However, the mean speed of GATA1-expressing cells (0.36 lm/min ±0.022 SD) is very similar to nlsGFP-injected control cells (0.371 lm/min ±0.028 SD); both are relatively stationary on fibronectin (Fig. 2F ). This is confirmed by <5% of cells reaching a 50 lm horizon. In contrast GATA4-expressing cells demonstrate a mean cell speed of nearly double the nlsGFP-injected controls (0.68 lm/min ±0.035 SD) and 39% of cells reach a 50 lm horizon.
These results show that, like GATA6, GATA4 can induce spreading and migration of animal cap cells on fibronectin, and that another GATA factor can elicit at least a partial spreading response, despite not normally being expressed during gastrulation. Thus, our data suggest that GATA4 and GATA6 may both play a role in gastrulation movements.
Inhibition of GATA function disrupts gastrulation movements
In order to block GATA function we used a dominantinterfering construct (myqGATA6EnR) that was produced by fusion of the full-length myqGATA6 sequence with the Engrailed repressor domain. Co-injection into Xenopus Counts of cell morphology demonstrate that GATA factors significantly enhance cell spreading and polarisation on fibronectin. v 2 analysis: mdl and myqGATA6, P < 0.001; GATA4, P < 0.0001; GATA1, P = 0.01. Between 300 and 1000 cells from 2 to 4 independent experiments were scored blindly per data point. (E and F) myqGATA6, mdlGATA6 and GATA4 can elicit a motile response on fibronectin. Mean animal cap cell speed and percentage of cells reaching a 50 lm horizon were determined by analysing cell tracks. Applying the Student's t-Test to this data demonstrates a significant increase in mean cell velocity in GATA6-expressing cells (P < 0.01) and GATA4-expressing cells (P < 0.001) compared with nlsGFP-expressing cells. At least 38 individual cells were tracked for each group. embryos of RNA encoding GATA factors together with an artificial GATA-dependent luciferase reporter construct (Sykes et al., 1998) has shown that myqGATA6EnR can inhibit myqGATA6-dependent transactivation (M. O'Reilly, personal communication) and also GATA5-dependent transactivation (M. Loose, PhD thesis, University of London 2001) . This suggests that myqGATA6EnR may interfere with expression of target genes of several GATA factors.
To demonstrate that myqGATA6EnR can inhibit activation from an endogenous promoter, we inhibited induction of Sox17a in animal caps by mdlGATA6 (Fig. 3A) . Transcription of this endoderm marker is activated directly by mdlGATA6 but not by myqGATA6 (Afouda et al., 2005) . Co-injection of RNA encoding myqGATA6EnR was able to significantly down-regulate the robust expression of Sox17a induced by HA-tagged mdlGATA6 (Fig. 3A ). Western blotting with an antibody that recognises the HA tag was used to confirm that translation of mdlGATA6 was equivalent in all batches of injected embryos, and that the observed differences in Sox17a expression were not due to different levels of GATA6 protein expression (data not shown).
We do not know of specific in vivo targets that can be used to test the efficacy of myqGATAEnR in inhibiting activation by myqGATA6 and GATA4. Therefore, we co-injected myqGATA6EnR RNA with the GATA-dependent luciferase reporter construct around the full circumference of the marginal zone, resulting in complete repression of luciferase expression at stage 10.5 (Fig. 3B ). This indicates that, at least for this artificial promoter, myqGATA6EnR can block the activity of all GATA factors that are present in the gastrula marginal zone.
As myqGATA6EnR was confirmed to repress GATA activity we used it to interfere with GATA function in whole embryos. Embryos were injected into the marginal zone of each blastomere at the four cell stage with 200 pg (total) myqGATA6EnR or EnR mRNA and 200 pg (total) nlsGFP mRNA. Uninjected and EnR/nlsGFP-injected control embryos were phenotypically normal during blastula, gastrula and tailbud stages (Fig. 3C ). myqGATA6EnR-injected embryos exhibited normal morphology up to blastula stages, however at gastrula stages formation and closure of the blastopore lip was always delayed and 15% of embryos failed to complete blastopore closure. The embryos that succeeded in completing gastrulation displayed defects in anterior development (e.g. loss of head, eye and cement gland) or kinked anteroposterior axes ( Fig. 3C and D) . Thus, repression of GATA target genes in the marginal zone resulted in delayed and disturbed gastrulation movements.
A more detailed study of gastrulation defects in myqGATA6EnR-injected embryos was carried out by sagittal sectioning of stage 11 embryos, followed by in situ hybridisation using probes for the LE mesendoderm-expressed genes Mix.1, cerberus and Xhex. Expression of all three genes was retained (Fig. 3E ), albeit at reduced levels in some cases, suggesting that specification of LE mesendoderm can occur in embryos where GATA function is inhibited. However, internal morphology was grossly altered in GATA-inhibited embryos compared to EnR-injected controls. The blastocoel floor (BCF) was convex and closely apposed to the animal pole, and separation of LE mesendoderm from overlying tissues by Brachet's cleft was not evident. Dorsal localisation of Xhex was retained, indicating occurrence of vegetal rotation movements that move Xhex-expressing cells from the centre of the BCF to the dorsal periphery (Jones et al., 1999; Winklbauer and Schurfeld, 1999) . The blastocoel was reduced, although dissection showed that it initially formed in GATA-inhibited embryos. The failure to form Brachet's cleft may explain the observed upwelling of the BCF if vegetal rotation continues to internalise vegetal cells while peripheral cell movements are impeded by failure of tissue separation. Thickening of the marginal zone was also seen. Thus, in GATA-inhibited embryos, expression of LE mesendoderm markers was retained, albeit at reduced levels, but gastrulation movements were disrupted and marker-expressing cells were abnormally positioned in relation to other tissues in the gastrula. This provides an explanation for the head defects seen at later stages.
GATA factors mediate activin-induced cell spreading and polarisation
Dorsal mesendoderm cells excised from early gastrulae attach to, spread and migrate on fibronectin (Winklbauer, 1990; Reintsch and Hausen, 2001 ). This cell behaviour can be mimicked by treating animal cap cells with the mesendoderm-inducing growth factor activin (Smith and Howard, 1992) . In order to study GATA function in cell migration we took advantage of this simplified model of mesendoderm migration. After establishing the activin concentration that gave a maximal spreading and migratory response in animal cap cells (20-80 U/ml, Fig. 4A ), we used RT-PCR and in situ hybridisation to confirm GATA4 and GATA6 expression in these cells (Fig. 4B-D) . In order to test whether cell migration induced by activin in animal cap cells is mediated by GATA factors, 100 pg of myqGATA6EnR RNA was injected into the animal cap of one cell stage embryos. Animal caps were then excised at blastula stage, dissociated, treated with activin (40 U/ml) and plated on fibronectin until sib stage 11.5. After fixation cells were scored as round, spread or polarised as before (Fig. 4E) . The majority (almost 80%) of uninjected or nlsGFP-injected control animal cap cells showed spread or polarised morphology after activin treatment, in contrast to untreated cells (Fig. 4E) . Expression of myqGATA6EnR significantly reduced the percentage of spread or polarised cells (26%, P < 0.001, Fig. 4E ). This indicates that GATA activity is required for activin-induced cell spreading and polarisation on fibronectin. 
Repression of GATA function inhibits migration of endogenous dorsal mesendoderm cells
In order to assess GATA function specifically in endogenous dorsal mesendoderm, explants were isolated from control and myqGATA6EnR-injected embryos at stage 10.5 and cultured on fibronectin. The morphological abnormalities during gastrulation, already noted in myqGATA6EnR-injected embryos (Fig. 3E) , prompted us to test a sample of myqGATA6EnR-injected explants by in situ hybridisation. Expression of GATA6 and Cerberus but not Xbra was detected (data not shown), suggesting that the explanted tissue was still specified as mesendoderm. Uninjected and EnR-injected explants were observed to spread into a monolayer of cells after 4 hours' culture on fibronectin (Fig. 5A) . Time-lapse sequences revealed protrusive activity at the edge of the explants, with cells forming both lamellipodia and filopodia and actively extending forwards, and also intercalation from cell layers above. In contrast, the gross morphology of myqGATA6EnR-injected explants did not change: after 4 h on fibronectin a spherical, unspread morphology was still observed (Fig. 5A) . To quantify the extent of explant spreading, the area covered by the explant after 4 h on fibronectin was determined and related to the initial area, giving a ratio of size increase (Fig. 5B ). Uninjected and EnR-injected explants displayed a similar spreading response, averaging a doubling of initial area in 4 h. In comparison, interfering with GATA function significantly inhibited spreading of cell aggregates on fibronectin (t-Test P = 0.016).
Interestingly, mosaic myqGATA6EnR expression in some explants (judged by mosaic GFP-expression) showed that the effect of GATA factors on cell spreading is cell autonomous. Only myqGATA6EnR-negative cells contributed to the spread of the explant, while myqGATA6EnR-positive cells either remained round and stationary or maintained their position in the centre of the explant (see Supplementary data: Movie 1 and Movie 2).
The spreading and migration of dissociated dorsal mesendoderm cells on fibronectin was also measured as for animal cap cells ( Fig. 5C and E) . Explants from stage 10.5 embryos were dissociated into single cells and plated on fibronectin. All cells included in the analysis were positive for nlsGFP expression, indicating that they had been successfully targeted by RNA injection. Cell shape analysis was carried out when control embryos reached stage 12. Compared to GATA6-expressing animal cap cells, the distinction between ''spread'' and ''polarised'' cells was less clear for dorsal mesendoderm, so these cells were classified simply as ''spread'' on fibronectin if they had one or more lamellipodia, or ''rounded'' if they did not display lamellipodia. No significant difference in cell spreading was observed between the two control groups (GFP-and GFP-EnR-injection), with approximately 70% of cells attaching to and spreading on fibronectin (Fig. 5C ). In contrast, injection of myqGATA6EnR significantly inhibited the ability of dorsal mesendoderm cells to spread (30% of cells, v 2 analysis, P < 0.0001). Visualisation of the F-actin cytoskeleton with phalloidin staining and confocal microscopy demonstrated that lamellipodia formation was compromised in GATA6EnR-positive cells (Fig. 5E) . Time-lapse recordings demonstrated that myqGATA6EnR significantly inhibits active migration of the dorsal mesendoderm (t-Test P < 0.001; Fig. 5D ). At least a 4-fold reduction in mean speed was observed in cells loaded with myqGATA6EnR. Furthermore, only 33% of myqGATA6EnR-injected cells translocated over a 50 lm horizon compared to almost 100% of control cells. These migratory defects are likely to be due to the inability of cells to form lamellipodia and spread on fibronectin. In summary, the use of a dominant-interfering fusion protein, myqGATA6EnR, has strongly suggested an essential role for GATA factors in promoting dorsal mesendoderm migration in vitro.
Knockdown of GATA4 and the two GATA6 isoforms demonstrates a role in mesendoderm migration in vitro
As myqGATA6EnR can block the activity of several GATA factors, myqGATAEnR-mediated knockdown does not show which of the GATA factors expressed in LE mesendoderm is/are required for migration. Attempts to rescue the effects of myqGATA6EnR by co-expression of specific GATA factors were unsuccessful due to generalised toxic effects of injecting large amounts of RNA. Therefore, we used anti-sense morpholino oligonucleotides (MOs) to further dissect the roles of GATA6 and GATA4. The design, activity and specificity of MOs for myqGAT-A6, mdlGATA6 and GATA4 has previously been described (Peterkin et al., 2003; Afouda et al., 2005) . mdlG-ATA6 MO has been shown to knockdown translation of both the long and the short isoforms of GATA6 but, in case of differential activities in these migration assays, we tested myqGATA6 MO separately. The MOs were each injected, together with marker nlsGFP RNA, into the marginal zones of the two dorsal blastomeres of four cell embryos, and the dorsal mesendoderm was explanted at stage 10.5, dissociated and plated on FN as before. The chosen amount of MO injected has previously been shown to inhibit translation of HA-tagged GATAs in co-injected embryos and to induce minimal non-specific tissue necrosis (Peterkin et al., 2003; Afouda et al., 2005) . Each MO produced a significant reduction in mean migration speed and in the percentage of cells reaching a 50 lm horizon ( Fig. 6A  and B) . As in our earlier experiments, reduced migration speed correlated with reduced cell spreading and polarisation, and an increased proportion of rounded cells (Supplementary data Fig. 1) .
To confirm specificity, myqGATA6 MO inhibition of the migration of dispersed dorsal mesendoderm cells was rescued by co-injection of human myqGATA6 RNA. This has a 6 bp mismatch with the Xenopus myqGATA6 MO sequence, and consequently is not a target for the MO (Peterkin et al., 2003). As shown in Fig. 6A , co-injection of human myqGATA6 RNA rescued the speed of cell migration to near control levels (2.55 lm/min).
We also used MOs to specifically knockdown GATA4 and GATA6 in activin treated animal cap cells. Knockdown of GATA4, myqGATA6 or mdlGATA6 caused a small but significant difference in the distribution of dispersed cell morphologies (Fig. 6C) . The percentage of rounded cells was observed to be 19-21% in activin-treated cells from uninjected embryos or embryos injected with a non-specific control MO. This increased to 31-35% on injection with mdlGATA6 MO, 37% with GATA4 MO, and 44% with myqGATA6 MO (Fig. 6C) . These results 2 analysis demonstrates that myqGATA6EnR-expressing cells are significantly less spread than controls (P < 0.0001). At least 900 cells in each group were blindly counted in three independent experiments. (D) GATA6EnR significantly decreases mean speed of dorsal mesendoderm cells on fibronectin (t-Test, P < 0.001). Results represent a single experiment. At least 50 cells were tracked in four independent experiments obtaining significant comparable results. (E) myqGATA6EnR-expressing cells are unable to form lamellipodia. Cells were stained for F-actin using Alexa 568-labelled phalloidin. Scale bars are 50 lm.
suggest that GATA4 and GATA6 act downstream of activin in promoting cytoskeletal remodelling in animal cap cells.
Overall, the effects of individual MOs on cell migration were less dramatic than that of the dominant-interfering myqGATA6EnR, which will be abrogating the activities of all GATA factors present. We carried out double knockdown of GATA4 and GATA6 by co-injecting MOs to target both factors. Co-injection of GATA4 and mdlGATA6 MOs caused a small but detectable further reduction in mean migration speed of dorsal mesendoderm cells and increase in the percentage of rounded activin-treated animal cap cells, in comparison to knockdown of either factor alone ( Fig. 6B and C(ii) ). This confirms that both GATA4 and GATA6 contribute to the migratory phenotype of dorsal mesendoderm cells in vitro. However, the increased effect of double knockdowns was modest, and did not fully recapitulate the effect of myqGATA6EnR. We conclude that the additional activity of myqGATA6EnR may relate to its dominant negative effects on target genes required for migration (see Section 3).
Discussion
In describing Xenopus gastrulation movements, the term ''leading edge (LE) mesendoderm'' has been used to denote cells derived from the inner marginal zone that migrate as a group across the blastocoel roof and form anterior tissue of mesodermal and endodermal origin (Keller et al., 2003) . Here, we show that LE mesendoderm cells express GATA4 and GATA6 strongly throughout gastrulation, and we demonstrate a novel role for these factors in cell migration. Gain of GATA factor function induces isolated animal cap cells to spread, polarise and migrate on fibronectin, while repression or knockdown of GATA function impairs this behaviour in activin-induced animal cap cells. Furthermore, interfering with GATA function disrupts gastrulation in intact embryos and inhibits spreading and (A) myqGATA6 knockdown inhibits cell migration and is rescued by human myqGATA6. Applying the Student t-Test to average velocity reveals significant differences between cells from myqGATA6 MOinjected embryos and control cells from uninjected embryos (P < 0.0001). Coinjection of human myqGATA6 mRNA rescues speed of migration to near control levels. At least 40 cells were tracked in each group. (B) Effect of mdlGATA6 and GATA4 inhibition. Applying the Student t-Test to average velocity reveals significant differences between cells from GATA4 or mdlGATA6 MO-injected embryos and uninjected controls (P < 0.001 and P = 0.03, respectively). At least 10 cells were tracked in each group. (C) GATA4 and GATA6 both mediate activin-induced cell spreading. Cell counts show a significant difference in the distribution of cell morphology when GATA factors are knocked down using MOs. P 6 0.001 for each data set (v 2 analysis). At least 400 cells were counted for each group. migration of isolated dorsal mesendoderm cells and explants on a fibronectin substratum. The expression patterns of GATA4 and GATA6 in the gastrula and the effects of GATA knockdown on the migratory behaviour of dorsal mesendoderm cells and explants in vitro suggest a possible role for GATA factors in active migration of LE mesendoderm across the blastocoel roof. However, the behaviour of ex vivo LE mesendoderm cells can be different from that of intact embryos (Davidson et al., 2002) . Gastrulae in which GATA activity was abrogated by overexpression of dominant-interfering myqGATA6EnR show morphological abnormalities consistent with a role for GATA factors in gastrulation movements, including delayed blastopore closure and loss of Brachet's cleft. However, the expression domains of Mix.1, cerberus and Xhex in GATA-inhibited embryos are still consistent with movement of the LE mesendoderm towards the animal pole. Thus, further analysis of whole GATA-inhibited embryos will be necessary to establish whether the observed morphological abnormalities arise from an effect on LE mesendoderm migration, or whether GATA factors have alternative and/or additional roles in gastrulation movements in vivo.
Which GATA factors regulate gastrulation movements?
The six-member GATA family of zinc finger transcription factors plays multiple roles in vertebrate embryonic development (reviewed by Patient and McGhee, 2002) . Mouse knockout phenotypes and other studies suggest that GATA factors show some functional redundancy. For instance, redundant roles for GATA4, 5 and 6 in heart specification and morphogenesis are suggested by studies showing that each is capable of ectopic activation of cardiac genes in Xenopus embryos (Jiang and Evans, 1996) , and that depletion of all three factors is necessary to induce heart abnormalities in chick embryos (Jiang et al., 1998) . Similarly in GATA4 knockout mice, raised levels of GATA6 expression may compensate for GATA4, allowing differentiation (though not migration) of heart primordia (Kuo et al., 1997; Molkentin et al., 1997) . However, differences between GATA4, 5 and 6 mouse knockout phenotypes also demonstrate unique functions for these factors (Kuo et al., 1997; Molkentin et al., 1997; Koutsourakis et al., 1999; Molkentin et al., 2000; Zhao et al., 2005) . All members of the GATA family share high sequence homology in the DNA binding domain, and bind the consensus DNA sequence A/T GATA A/G. Thus, specific GATA functions depend in part on specific temporal and spatial expression, and also on interactions with other non-GATA factors (see Molkentin, 2000 for review) . Expression of GATA4 and GATA6 in LE mesendoderm, together with published evidence for GATA factor function in tissue morphogenesis (see Introduction), suggested a role in tissue movement during gastrulation. We find that while GATA6 is strongly expressed throughout the entire 360°LE mesendoderm mantle, GATA4 is relatively concentrated in dorsal cells, which begin migration earlier and travel further than the lateral and ventral cells (Davidson et al., 2002) . Our gain-of-function experiments in animal cap cells show that both GATA4 and GATA6 can induce migration, while MO knockdown experiments show that inhibition of either factor partially inhibits migration of isolated dorsal mesendoderm cells. The increased effects of double knockdown of GATA4 and GATA6 also indicate that both factors play roles in migration in vitro, with GATA4, which is enriched dorsally, potentially determining the earlier and further movement of the dorsal cells in the embryo. Co-operative interactions between GATA4 and GATA6, as found in certain myocardial genes where both factors bind a single GATA element (Charron et al., 1999) , may be necessary for maximal activation of target genes that induce migration.
The dominant-interfering construct, myqGATA6EnR, was more effective than double MO-mediated knockdown of GATA4 and GATA6 in repressing dorsal mesendoderm migration in vitro. The Engrailed domain acts by recruiting repressive chromatin modifying factors (reviewed in Vickers and Sharrocks, 2002). myqGATA6EnR would therefore be expected to completely repress transcription of GATA4/6 target genes, whereas loss of GATA4 and GATA6 might leave the inputs from other transcription factors intact.
Downstream effectors of GATA function
An important question for further study is whether GATA factors directly regulate genes involved in cell spreading and migration, or whether they influence a cellfate decision and thus indirectly alter cell behaviour. We have shown that GATA factors function cell autonomously to promote cell migration in isolated cells and explants. Candidate downstream targets of GATA4/6 that could directly and cell autonomously regulate migratory behaviour would include factors that regulate the actin cytoskeleton, and cell adhesion molecules. Recent microarray analyses have identified a number of genes in these categories that are regulated by GATA6 in rat vascular smooth muscle cells (Lepore et al., 2005) and in cardiomyocytes differentiated from mouse embryonal carcinoma cells (Alexandrovich et al., 2006) and these could be investigated as potential downstream effectors of GATA4/6 in cell migration. Additionally, the N-cadherin gene is directly transactivated by GATA4 in chick cardiac mesoderm (Zhang et al., 2003) , and since cadherins are also required for proper gastrulation movements in Xenopus , they are good candidates for further investigation.
Do GATA factors regulate cell movement indirectly by influencing a cell-fate decision? The GATA factors studied here can clearly induce cell-fate changes, since Weber et al. (2000) and Afouda et al. (2005) have shown that GATA4 and long (but not short) GATA6 can alter the fate of Xenopus prospective ectoderm towards endoderm, and Latinkic et al. (2003) have shown that GATA4 overexpression induces ectodermal explants to form cardiomyocytes. In the experiments reported here, although there was some reduction in expression of LE mesendoderm marker genes in embryos in which GATA function was inhibited, the main phenotype was disrupted morphology. We cannot currently say whether the reduced expression of LE mesendoderm markers was a cause or an effect of disrupted gastrulation movements, as impaired morphogenetic movements are likely to disrupt tissue interactions, which may be necessary for initiation and/or maintenance of tissue-specific gene expression. Motility is an inherent property of the mesendodermal cell-types induced by GATA4/6, and it may prove difficult to separate effects of GATAs on cell-fate and gastrulation movements and determine whether one takes primacy over the other. Other transcription factors showing similar dual effects include Snail family members and STAT. The former induce transitions of epithelia to migratory mesenchyme during embryonic development and affect fate and migration via activation of different target genes (reviewed by Barrallo-Gimeno and Nieto, 2005) , while the latter is required transiently for specification and continuously for migration of border cells in the Drosophila ovary (Silver et al., 2005) . Again, identifying direct and indirect GATA target genes that are expressed in mesendoderm and the timing of their activation will be important in elucidating whether the cell-specification and cell motility roles of GATAs are separable. It may also be possible to map specification and motility-inducing activities to different domains of the GATA proteins. Messenger et al. (2005) have successfully mapped domains responsible for the different cell-fate inducing activities of T-domain family members Xbra and VegT. Similarly, we present evidence that different domains of GATA6 are responsible for inducing migration and endodermal specification: while both long and short GATA6 induce motility, only long GATA6 induces endodermal marker expression in animal cap ectoderm. This suggests that at least the endoderm-inducing properties of GATA6 can be uncoupled from effects on motility.
3.3. Other factors that influence migration: potential interactions with GATA factors GATA4 and 6 are strongly expressed in migratory LE mesendoderm cells, but they are also expressed in non-migrating endoderm cells. This suggests that if GATA4 and 6 induce mesendoderm migration in the embryo their capacity to do so depends on particular levels or activity of these factors, potential co-operation between GATAs, and/or the complementary activity of other co-expressed factors. TGFb family members have been shown to regulate expression of GATA4, 5 and 6 in mesendoderm during early vertebrate development Weber et al., 2000; Afouda et al., 2005) . Additionally, certain members of the TGFb superfamily have been proposed to control the spreading and migratory behaviour of LE mesendoderm (Smith et al., 1990; Smith and Howard, 1992; Howard and Smith, 1993; Osada and Wright, 1999) , suggesting that TGFb signalling may control LE mesendoderm migration through GATA factor expression. In support of this, we have shown that inhibition of GATA function by GATA6EnR or morpholinos blocks activinmediated spreading of animal cap cells. However, GATA-expressing animal cap cells do not fully recapitulate the motile characteristics of LE mesendoderm (for example with regards to migration velocity), consistent with additional factors being necessary. Studies by Wacker et al. (1998 Wacker et al. ( , 2000 suggest roles for the transcription factors Mix.1 and goosecoid in regulating fibronectin-dependent adhesion and polarisation of mesendoderm cells. Mix.1 and goosecoid are downstream targets of TGFb signalling, and their expression domains show regions of overlap with GATA4 and 6 (Zorn et al., 1999 , and data not shown). Thus, these factors may complement each other's function in regulating mesendoderm migration. Mix.1 has been shown to interact with the zinc finger region of a GATA factor in a yeast two-hybrid assay (M. Loose PhD thesis, University of London, 2001 ). This suggests a mechanism whereby Mix.1 and GATA factors may modulate each other's activity.
Other TGFb targets that are induced by different levels of signalling may oppose GATA expression or activity, thus limiting the region in which migration takes place. For instance, Kwan and Kirschner (2003) showed that Xbra inhibits adhesion of chordamesoderm cells to fibronectin, thereby repressing active migration and promoting convergent extension movements of these cells. Our in situ hybridisation studies, which show Xbra and GATA4/6 expression initially overlapping but becoming mutually exclusive, raise the possibility that GATA factors may down-regulate Xbra in migratory mesendoderm. MyqGATA6 has been shown to down-regulate Xbra transcription in whole embryos at stage 10.5 (T. Peterkin, personal communication) supporting the hypothesis that GATAs act in part by suppressing Xbra and inhibiting convergent extension of marginal zone cells. However, this is unlikely to be the only effect of GATA factors on cell migration, since we show that they can induce a migratory phenotype in animal cap cells, which never express Xbra. Additionally, we found that myqGATA6EnR was not sufficient to repress cerberus or induce Xbra expression in dorsal mesendoderm explants dissected at stage 10.5 and analysed at stage 12 (data not shown). This suggests that inhibiting GATA function does not simply change the fate of dorsal mesendoderm to axial mesoderm, but suppresses cell migration by an alternative mechanism.
Experimental procedures
Embryo manipulations
Xenopus embryos were obtained and cultured as previously described (Walmsley et al., 1994) . Animal caps were dissected at stage 8-9 in 1· modified Barth's saline (MBS) and left to heal for at least 1 h. For cell migration assays, caps were placed in Winklbauer's dissociation medium (Winklbauer, 1990 ) with or without activin protein (gift of Prof. J.C. Smith) for 45 min, and the pigmented outer layer of ectoderm was discarded. Dispersed inner cells were transferred to 1· MBS and plated on fibronectin when sibling embryos reached stage 10. For RT-PCR, caps were cultured in 1· MBS until sib stage 12 and RNA extraction was carried out as described (Weber et al., 2000) . Leading edge mesendoderm was excised from the dorsal side of stage 10.5 embryos as described (Reintsch and Hausen, 2001) . To confirm excision of the correct tissue a sample of explants were subjected to in situ hybridisation to show expression of GATA6, Xhex, and cerberus, and lack of Xbra expression. Explants were allowed to heal for 10-15 min before plating on fibronectin, or were transferred directly to dissociation medium for 45 min before plating as single cells on fibronectin. For embryo microinjection, 4 nl of water containing RNA or morpholino (MO) was injected per blastomere, with the embryos in 1· MBS/4% Ficoll. After healing, injected embryos were transferred to 0.1· MBS.
Constructs, RNA synthesis and morpholinos
Capped RNAs for microinjection were synthesised from linearised templates using the mMessage mMachine kit (Ambion). Template plasmids were as described: EnR (Conlon et al., 1996) , Xenopus myqGATA6 and GATA1 (Gove et al., 1997) , human myqGATA6 (Brewer et al., 1999) , mdlGATA6 (Peterkin et al., 2003) ; GATA4, (Weber et al., 2000) . myqGATA6EnR and nuclear localised GFP templates were from M. O'Reilly. Anti-sense digoxygenin-labelled transcripts for in situ hybridisation were synthesised using the MEGAScript kit (Ambion). Template plasmids were as described: GATA6 (Gove et al., 1997) , GATA4 (Jiang et al., 1999) , Xbra (Smith et al., 1991) , Xhex (Jones et al., 1999) , cerberus (Bouwmeester et al., 1996) , Mix.1 (Rosa, 1989 ). MOs were as described: GATA6 (Peterkin et al., 2003) , GATA4 (Afouda et al., 2005) .
Fibronectin-coating coverslips
Twenty micrograms per milliliter bovine plasma fibronectin (Sigma) was layered onto sterile glass coverslips and left for 1 h at room temperature. Coverslips were then rinsed twice with sterile PBS, the glass was counter-coated with 1% w/v bovine serum albumin (BSA, Sigma) for a further 30 min and rinsed twice more with PBS.
Immunostaining and confocal microscopy
Cells were fixed for 20 min in 4% w/v paraformaldehyde (PFA)/3% w/ v sucrose in PBS, washed twice in PBS, permeablised with 0.5% v/v Triton X-100 in PBS for 5 min and blocked with 20% v/v normal goat serum (Sigma) in PBS at room temperature. Actin filaments were visualised by staining with 0.1 lg/ml Alexa-568-conjugated phalloidin for 1 h at room temperature (Molecular Probes). Coverslips were then rinsed three times with PBS and three times with dH 2 O before being mounted on slides using 10% w/v Movial in PBS containing 0.1% w/v P-phenylendiamine (Calbiochem). A Leica TCS NT confocal laser scanning head attached to a Leica DM RXA optical microscope with ·40 and ·60 oil objectives was used to view fluorescently labelled cells. Images were captured on an x, y, plane over 4-8 optical z-sections and processed by Leica TSC and Adobe Photoshopä6.0 software.
Time-lapse microscopy
Cells or explants were plated on fibronectin-coated glass coverslips in petri dishes filled with 1· MBS. For time-lapse recording, an inverted microscope (either a Zeiss Axiovert 100, Axiovert 35 or Olympus IMT-2) fitted with ·5 or ·10 phase objectives was employed. A charge-coupled device camera (Pulnix or Hamamatsu digital ORCA ER) together with Kinetic Imagingä AQM software enabled image acquisition with a variable frame-grabbing interval. Filming was typically carried out over 2-5 h with time-lapse intervals of 2-5 min. The resulting multi-image TIFF files were processed using Lucida (Kinetic Imagingä) and Animation Shop (Jascä) software.
Dorsal mesendoderm explant spreading
Stage 10.5 explants were placed on fibronectin-coated coverslips in 1· MBS. Explants were either filmed using phase contrast time-lapse microscopy for 4 h or an image was taken at the start and again after 4 h. The area occupied by an explant at time-point 0 h and after 4 h was measured using the ''region of interest'' tool in Motion Analysis software (Kinetic Imagingä), which also determines the area.
Cell migration
Images captured at chosen time-lapse intervals were displayed rapidly as a movie and an interactive tracking of cells using Kinetic Imagingä Motion Analysis software resulted in generation of cell trajectories. These were analysed in a custom made Mathematicaä notebook (Jones et al., 2003) . Cells that did not translocate at all were excluded from these analyses (always <1% of total population). The mean migration speed for each tracked cell was calculated and then the mean speed of the population ±SEM was derived. A two-tailed Student's t-Test was used to compare the means of different populations. The notebook also calculated mean speed as a function of time and the percentage of cells translocating past a defined distance from its origin (horizon, see Jones et al. (2003) , Kellie et al. (2004) ).
Cell morphology
Dispersed animal cap or dorsal mesendoderm cells plated on fibronectin were fixed at sib stage 11.5-12 using 4% PFA. Using phase contrast optics with a ·10 objective, fields of view were randomly chosen and single cells were scored for morphological parameters. Animal cap cells were placed into one of three categories; round, spread or polarised. Dorsal mesendoderm cells were placed into one of two categories; round or spread. A cell was defined as round if it displayed both a rounded shape and absence of visible protrusions. A spread cell flattened against the substratum and extended two or more lamellipodia, resulting in a polygonal outline. A polarised cell also flattened against the substratum, but a dominant lamellipodium or pair of lamellipodia at opposite ends of the cell were observed. A different scoring method was used between the two cell populations because animal cap cells displayed a clear unipolar or bipolar spindle shaped morphology, whereas polarised dorsal mesendoderm cells did not necessarily exhibit this morphology but were still polarised as a dominant leading edge was visible. Therefore, using visual inspection, it was more difficult to distinguish spread from polarised morphology in dorsal mesendoderm cells so these two categories were grouped together. To test the null hypothesis that the distribution of cell morphologies was the same for all samples, a v 2 test was performed using a Mathematicaä notebook (written by G.A. Dunn, King's College London).
RNA analysis
In situ hybridisation on embryo sections was performed as described, except slides were coated with poly-L-lysine (Ciau-Uitz et al., 2000) . Single cells and explants were plated on BDH Superfrost slides or coverlips that had been coated with fibronectin as described above, fixed with 4% PFA, and processed for in situ hybridisation as described by Butler et al. (2001) except that proteinase K treatment was reduced to 5 min. Quantitative real-time RT-PCR was used to analyse the abundance of Sox17a, GATA6b and Xbra transcripts relative to a loading control, ornithine decarboxylase (ODC) as previously described (Afouda 
Transactivation assays
Transactivation of an artificial GATA-dependent luciferase reporter construct was carried out as in Sykes et al. (1998) .
